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ABSTRACT
Aims. We present the results of near-infrared (NIR) H- and K-band European Southern Observatory SINFONI integral field spec-
troscopy (IFS) of the Seyfert 2 galaxy NGC 1433. We investigate the central 500 pc of this nearby galaxy, concentrating on excitation
conditions, morphology, and stellar content. NGC 1433 was selected from our extended NUGA(-south) sample which was addition-
ally observed with the Atacama Large Millimeter/submillimeter Array (ALMA). NGC 1433 is a ringed, spiral galaxy with a main
stellar bar in roughly east–west direction (PA 94◦) and a secondary bar in the nuclear region (PA 31◦). Several dusty filaments are de-
tected in the nuclear region with the Hubble Space Telescope. ALMA detects molecular CO emission coinciding with these filaments.
The active galactic nucleus is not strong and the galaxy is also classified as a LINER.
Methods. The NIR is less affected by dust extinction than optical light and is sensitive to the mass-dominating stellar populations.
SINFONI integral field spectroscopy combines NIR imaging and spectroscopy allowing us to analyze several emission and absorption
lines, to investigate the stellar populations and ionization mechanisms over the 10′′ × 10′′ field of view (FOV).
Results. We present emission and absorption line measurements in the central kpc of NGC 1433. We detect a narrow Balmer line
and several H2 lines. We find that the stellar continuum peaks in the optical and NIR in the same position, indicating that there is no
covering of the center by a nuclear dust lane. A strong velocity gradient is detected in all emission lines at that position. The position
angle of this gradient is at 155◦ whereas the galactic rotation is at a position angle of 201◦. Our measures of the molecular hydrogen
lines, hydrogen recombination lines, and [Fe ii] indicate that the excitation at the nucleus is caused by thermal excitation, i.e. shocks
which can be associated with active galactic nuclei emission, supernovae or outflows. The line ratios [Fe ii]/Paβ and H2/Brγ show
a Seyfert to LINER identification of the nucleus. We do not detect high star formation rates in our FOV. The stellar continuum is
dominated by spectral signatures of red-giant M stars. The stellar line-of-sight velocity follows the galactic field whereas the light
continuum follows the nuclear bar.
Conclusions. The dynamical center of NGC 1433 coincides with the optical and NIR center of the galaxy and the black hole position.
Within the central arcsecond, the molecular hydrogen and the 12CO(3-2) emissions – observed in the NIR and in the sub-millimeter
with SINFONI and ALMA, respectively – are indicative for a nuclear outflow originating from the galaxy’s SMBH. A small circum
nuclear disk cannot be fully excluded. Derived gravitational torques show that the nuclear bar is able to drive gas inwards to scales
where viscosity torques and dynamical friction become important. The black hole mass derived using stellar velocity dispersion is
∼ 107 M.
Key words. galaxies: active – galaxies: individual: NGC 1433 – galaxies: ISM – galaxies: kinematics and dynamics – galaxies:
nuclei – infrared: galaxies
1. Introduction
The NUclei of GAlaxies (NUGA) project (García-Burillo et al.
2003) started with the IRAM Plateau de Bure Interferometer
(PdBI) and 30 m single-dish survey of nearby low-luminosity
active galactic nuclei (LLAGN) in the northern hemisphere. The
aim is to map the distribution and dynamics of molecular (cool)
gas in the inner kpc of LLAGN and to study the possible mecha-
nisms for gas fueling at high angular resolution (≈ 0′′.5 – 2′′) and
high sensitivity. The step by step implementation of the Atacama
Large Millimeter/submillimeter Array (ALMA) in the Atacama
? Based on the ESO-VLT proposal ID: 090.B-0657(A) and on obser-
vations carried out with ALMA in cycle 0.
desert in Chile finally allows the NUGA project to expand to
the southern hemisphere at an even higher angular resolution (≈
6 – 37 mas, assuming the use of the full array) and sensitivity.
The Spectrograph for INtegral Field Observations in the Near
Infrared (SINFONI; Eisenhauer et al. 2003; Bonnet et al. 2004)
adds complementary information to the NUGA goal in the near-
infrared (NIR). By mapping (hot-) gas and the mass dominating
stellar population the fueling of nearby LLAGN can be investi-
gated in the NIR.
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1.1. Feeding and feedback in AGN
An active galactic nucleus (AGN), as a highly ionizing source,
needs to show powerful highly ionizing emission coming from
an unresolved region. This powerful emission ionizes the sur-
rounding gas on scales from several lightdays (e.g. broad line
region (BLR)) to several hundreds of parsecs (e.g. narrow line
region (NLR)) and up to even larger scales via outflows and
jets. Usually, a dust mantle surrounds the AGN on parsec to
tens of parsec scales, inferred from high column densities to-
wards Seyfert 2 AGN and dust black body emission in Seyfert
1 AGN with temperatures up to the sublimation temperature of
dust (∼ 1300 K). The source of dust heating must be highly ion-
izing emission, probably originated by the accretion of gas onto
a supermassive black hole (SMBH).
Tight correlations between the SMBH and its host galaxy,
especially the bulge stellar velocity dispersion and luminosity
have been found (e.g. Ferrarese & Merritt 2000; Magorrian
et al. 1998). These correlations connect the mass, luminosity
and kinematics of the galactic bulge with the mass of the cen-
tral SMBH. To feed a SMBH, gas within the bulge needs to be
transported towards the center. There are two ways to remove
angular momentum in gas and consequently produce its infall.
One way is through gravitational mechanisms that exert gravi-
tational torques such as galaxy-galaxy interactions (e.g. galaxy
merger) or non-axisymmetries within the galaxy potential (e.g.
spiral density waves or stellar bars on large scales). The other
way are hydrodynamical mechanisms such as shocks and viscos-
ity torques introduced by turbulences in the interstellar medium
(ISM). The NUGA project has already studied the gaseous dis-
tribution in more than ten nearby galaxies (∼ 4 – 40 Mpc). They
show a variety of morphologies in nuclear regions, including
bars and spirals (García-Burillo et al. 2005; Boone et al. 2007;
Hunt et al. 2008; Lindt-Krieg et al. 2008; García-Burillo et al.
2009), rings (Combes et al. 2004; Casasola et al. 2008; Combes
et al. 2009) and lopsided disks (García-Burillo et al. 2003; Krips
et al. 2005; Casasola et al. 2010). Gravitational torques, when
present, are the strongest mechanism to successfully transport
gas close to the nucleus, on smaller scales (< 200 pc) viscos-
ity torques can take over (e.g. Combes et al. 2004; van der
Laan et al. 2011). Hence, large-scale stellar bars are an impor-
tant agent to transport gas towards the inner Lindblad resonance
(ILR; e.g. Sheth et al. 2005) where it can induce the formation
of nuclear spirals and rings.
As a complement to the studies of cold gas in the NUGA
sample, SINFONI can detect hot molecular and ionized gas in
the NIR at similar angular resolution. Comparing the distribu-
tions of the different gas-emission lines enables us to identify
ongoing star formation sites and regions ionized by shocks (i.e.
supernovae (SNe) or outflows). Furthermore, this can provide
information on feeding and feedback of the AGN through its
ambient gas reservoir. We will analyze the relation of nuclear
star formation sites and the AGN with regard to fueling and
feedback. Using the differently excited H2 lines in the K-band
(e.g. H2 λ2.12 µm, 1.957 µm, 2.247 µm) and [Fe ii] in the H-
band we are able to constrain the origin of excitation (e.g. ther-
mal, non-thermal) of the warm gas and its excitation temperature
(Rodríguez-Ardila et al. 2004; Zuther et al. 2007). The cold gas
information is comparable to our results.
Recent or ongoing star formation on scales of 0.1 – 1 kpc
around the nucleus is frequently found in all types of AGN in
contrast to quiescent galaxies (e.g. Cid Fernandes et al. 2004;
Davies et al. 2006). Whether outflows from the AGN quench or
initiate star formation is still a matter of debate, but it is most
probable that outflows can show both effects. Stellar absorption
features (e.g. Si i, 12CO(6–3), Mg i, Na i, 12CO(2–0)) are used
as a probe of the star formation history in the nuclear region
(e.g. Davies et al. 2007). Strong star formation with young bright
hot stars is able to blow enough material from its gas cloud and
initiate a series of accretion events onto the AGN.
1.2. NGC 1433
NGC 1433 is a barred, ringed, spiral SB(rs)ab galaxy in the Do-
rado group (Buta 1986; Kilborn et al. 2005; Buta et al. 2010) at
a redshift of z ≈ 0.003586 (see table 1, Koribalski et al. 2004).
Veron-Cetty & Veron (1986) classify this galaxy as Seyfert like,
but Cid Fernandes et al. (1998) and Sosa-Brito et al. (2001)
refined the classification in a low ionization narrow emission
line region (LINER) galaxy using a stellar-continuum subtracted
spectrum and extinction corrected optical emission lines. The
position of the center of the galaxy coincides with the X-ray
ROSAT source (Liu & Bregman 2005).
The galaxy shows a primary stellar bar with a radius of about
4 kpc roughly in the east-west direction (PA 94◦). Two rings, an
inner ring with a radius of about 5.2 kpc and a PA of about 95◦
(see Fig. 1) and an outer ring at a PA of 15◦ and radius of 9.1 kpc,
can be identified. The secondary nuclear bar has a radius of 430
pc at PA 31◦ and is surrounded by a ring at the same PA and 460
pc radius (see Fig. 1; Wozniak et al. 1995; Buta et al. 2001). The
nuclear region shows no signs of massive star formation except
for the nuclear ring which is the site of a starburst (Cid Fernandes
et al. 1998; Sánchez-Blázquez et al. 2011). H i 21 cm measure-
ments show atomic gas in the inner and outer rings and a de-
pletion in the nuclear region (Ryder et al. 1996), whereas strong
molecular CO emission is detected in the nuclear region (Bajaja
et al. 1995). The H i measurement reveals a line of nodes at a
PA of 201◦ and an inclination of 33◦. The nuclear region is filled
with dusty spiral arms visible in Hubble Space Telescope (HST,
see Fig. 1) images (Maoz et al. 1996; Peeples & Martini 2006).
These arms or filaments are very well traced by the molecu-
lar 12CO(3–2) emission observed with ALMA (Combes et al.
2013). The CO shows a highly redshifted component just south
of the nucleus at about 100 km s−1 indicating a possible outflow.
Spitzer data show that NGC 1433 harbors a pseudo-bulge and
show prominent nuclear spirals (Fisher & Drory 2010).
Because of its very complex dynamical structure, NGC 1433
is a good case to search for the connection between cold molec-
ular gas, detected at a few hundred GHz, and warm molecular
H2 gas detected in the NIR. Are the cold and warm gas follow-
ing the same dusty spiral arms? Are the bright emission spots
of cold and warm gas coinciding? What evidences of an outflow
can be seen in the warm gas?
This paper is structured as follows: In section 2 we describe
the observations and the data reduction. Section 3 presents the
results of our study, focusing on the emission lines in K-band
and the continuum analysis. Section 4 discusses the results and
compares them with the literature. In section 5 we sum up our
results and phrase the conclusions we take from our study.
2. Observation and Data Reduction
In this paper we present the results of our ESO SINFONI ob-
servations of NGC 1433 with the Unit Telescope 4 of the Very
Large Telescope in Chile. The 0′′.25 plate scale was used, which
results in an 8′′ × 8′′ FOV without adaptive optics assistance.
The average seeing was 0′′.5. To increase the FOV and minimize
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Fig. 1 – HST F438 wide field image of NGC 1433 from the ESA
Hubble Science Archive. The FOV of 10′′×10′′ of our SINFONI
observations is marked by a square. The color scale in the lower
image was chosen to reflect the large scale structure of the host,
e.g. main stellar bar. The top image shows the prominent dust
lanes in the center of NGC 1433.
the overlap of dead pixels in critical areas, a ±2′′ dithering se-
quence was used. Nine dithering positions were used in which
the central 4′′ × 4′′ were observed at the full integration time.
The resulting FOV is 12 × 12′′, but for the analysis a FOV of
10 × 10′′ is used. NGC 1433 was observed using the H-band
grating with a spectral resolution of R ≈ 3000 and the K-band
grating with a resolution of R ≈ 4000. The digital integration
time of 150 seconds was used in both bands with a ...TST... nod-
ding sequence (T: target, S: sky), to increase on-source time. The
overall integration time on the target source in H-band was 2400
seconds and in K-band 4500 seconds with additional 1200 sec-
onds in H-band and 2250 seconds in K-band on sky. The G2V
star HIP 017751 was observed in the H- and in K-bands within
the respective science target observation. Two object-sky pairs in
H-band and 4 object-sky pairs in K-band were taken. The stan-
dard star was used to correct for telluric absorption of the atmo-
sphere and to perform the flux calibration of the target. A high
S/N solar spectrum was used to correct for the black body and
intrinsic spectral features of the G2V star (Maiolino et al. 1996).
The solar spectrum was convolved with a Gaussian to adapt its
resolution to the resolution of the standard star spectrum. The so-
lar spectrum edges had to be interpolated by a black body with
a temperature of T = 5800 K. The standard star spectrum was
extracted by taking the total of all pixels within the radius of 3
× FWHMPSF of the point spread function (PSF) (Howell 2000),
centered on the peak of a two-dimensional Gaussian fit. The flux
calibration of the target source was performed during the telluric
correction procedure. We calibrated the standard star counts at
λ1.662 µm and λ2.159 µm, in H- and K-band respectively, to the
flux given by the 2MASS All-sky Point Source Catalog. A PSF
FWHM of 0′′.62 in H-band and 0′′.56 in K-band was measured
from the observed standard star (see Fig. 2). The PSF shows an
elongation in the north–east to south–west direction at a PA of
69◦ (see Fig. 3).
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Fig. 2 – Shown are Gaussian fits to radial luminosity profiles of
the K-band standard star continuum, the H-band standard star con-
tinuum, the H- and K-bands galaxy continuum, the fitted stellar
continuum in the K-band, Fe ii λ1.644 µm and Brγ. Note that K-
band galaxy continuum and the fitted stellar continuum lie on top
of each other. The Gaussian fit was centered on the galactic center.
Detector specific problems, which occurred during our ob-
servation period, were analyzed and corrected for and OH sky
emission line corrections were applied (see Appx. A).
The data reduction was performed by the SINFONI pipeline
up to single-exposure-cube reconstruction. The wavelength cal-
ibration had to be refined by hand due to a constant offset intro-
duced to the wavelength axis. The error introduced by this shift
is ∼ 3 km s−1. The final cube realignment was done using our
own idl routine.
We conducted the investigation and correction of the detector
specific problems and the OH lines as well as the linemap and
spectra extraction using our own IDL routines.
For comparison of our NIR results we use calibrated 350
GHz ALMA data (Combes et al. 2013, observation and calibra-
tion details therein from the ALMA archive). For cleaning we
used a mask at 50mJy, 30 mJy and 10mJy emission level. The
map sizes are 720 × 720 pixels with a pixel size of 0′′.05. The
line cube comprises 72 channels of 5 km/s width, centered on the
systemic velocity, i.e. 1076±180 km s−1. The integrated intensity
and continuum maps (line-free regions of all 4 spectral windows,
i.e. 7 GHz) were corrected for primary beam attenuation. Imag-
ing, cleaning and parts of the analysis have been conducted with
the CASA software (v3.3 McMullin et al. 2007).
3. Results
With the seeing limited imaging spectroscopy of VLT SINFONI
we resolve the central 500 pc of NGC 1433 at a spatial resolu-
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tion of 27 pc in K-band and 30 pc in H-band. We identify several
molecular ro-vibrational hydrogen lines and the narrow hydro-
gen recombination line Brγ λ2.166 µm. Several stellar absorp-
tion features in K-band (e.g. CO(2-0) λ2.29 µm, NaD λ2.207,
CaT λ2.266) are detected. The H-band stellar absorption fea-
tures (e.g. Si i λ 1.59 µm, CO(6-3) λ1.62 µm) and the [Fe ii]
λ1.644 µm line, which is important for NIR diagnostics are also
detected. The emission lines properties were determined from
Gaussian profile fits. A FOV of 10′′ × 10′′ instead of the avail-
able 12′′ × 12′′ is used because the signal to noise in our utmost
outer regions is not good enough for a thorough analysis.
The new galaxy center is adopted in all figures shown (see
table 1 and Sec. 4.1). The black × in all shown maps gives the
position of the new adopted center of the galaxy, i.e. the location
of the SMBH. The FWHM maps and values are not corrected for
instrumental broadening which is ∼ 100 km s−1 in H-band and
∼ 75 km s−1 in K-band. Emission line properties, i.e flux and
FWHM, of all discussed emission lines are summarized in table
2.
3.1. Ionized gas
The forbidden line transition [Fe ii] in H-band is detected in a
resolved region at the center of about 38 pc in diameter (see Fig.
3). The flux peak is slightly offset by one spaxel (0′′.125) to the
south. The shape of the emission looks slightly elongated in the
north–east to south–west direction, similar to the PSF elonga-
tion. The line-of-sight velocity (LOSV) shows that the line is
redshifted with respect to the systemic velocity by ∼ 20 km s−1.
The red velocity maximum is ∼ 18 pc south of the center where
the velocity is −45km s−1. The blue counterpart with a velocity
of ∼ 20 km s−1 lies north of the center. The line width is rather
uniform with an FWHM of about 185 km s−1 and a faint broad-
ening with an FWHM of 210 km s−1 in the center. The equivalent
width (EW) peaks at the same position as the flux with ∼ 2.2 Å
indicating that the ionization of the [Fe ii] originates from the
very center of the galaxy (see Fig. 5).
Brγ is detected only at the center as well and is marginally re-
solved in a region with a size of about 30 pc in diameter (see Fig.
3). Only a narrow component of this recombination line can be
detected. The emission peaks at the center and is roughly elon-
gated in the east–west direction. The line width at the very cen-
ter is with an FWHM ∼ 200 km s−1 similar to that of the [Fe ii]
emission line but otherwise its at ∼ 150 km s−1 in the emission
region. The LOSV shows a blue end in the north-west direction
and a red end in the south-west. One might assume a rotation
with the line of nodes in this direction (PA ∼ 114◦), however, the
region Brγ is detected in is too small to say much more about the
velocity field in the central region. The velocity at the very cen-
ter is ∼ 30 km s−1 redshifted. The EW is small with a maximum
of about 0.8 Å on the nucleus hinting at a nuclear ionization (see
Fig. 5).
The line ratio log([Fe ii]/Brγ) can be used to determine the
main excitation mechanism (Alonso-Herrero et al. 1997) in the
center. In the central emission region with a radius of 1′′ a line ra-
tio of 0.8 is measured. This value is rather typical of a mixed ion-
ization by X-ray photons from an AGN (log([Fe ii]/Brγ) . 1.3),
stellar thermal UV photons and shocks. If the central Brγ excita-
tion is assumed to be originating from stars only, i.e. no excita-
tion by AGN radiation, the luminosity of Brγ in this region can
be used to determine a star formation rate (SFR; Panuzzo et al.
2003; Valencia-S. et al. 2012). We derive an upper limit for the
SFR within a 1′′ radius around the nucleus of 1.4 × 10−3Myr−1
using
SFR =
LBrγ
1.585 × 1032W Myr
−1 (1)
and LBrγ from above. Additionally, if outflows or jets are disre-
garded as excitation sources in this region and [Fe ii] excitation
mainly by shocks from supernovae is assumed an upper limit for
the supernova rate (SNR) in the central region can be estimated.
Following Bedregal et al. (2009) we use two different estimators
SNRCal97 = 5.38
L[Fe ii]
1035W
yr−1 (2)
after Calzetti (1997) and
SNRAlH03 = 8.08
L[Fe ii]
1035W
yr−1 (3)
after Alonso-Herrero et al. (2003). Both authors derive their re-
lation from empirical data analysis. With an [Fe ii] luminosity
of L[Fe ii] = 1.92 × 1030 W the SNRs are estimated to be 1.03
× 10−4 yr−1 and 1.55 × 10−4 yr−1, respectively. These SFR and
SNR values are low (e.g. Rosenberg et al. 2012; Esquej et al.
2014, and references therein) compared to other non-starburst
galaxies, particularly with regard to the assumption that all of
the central Brγ and [Fe ii] emission is attributed to star forma-
tion, which is an unlikely scenario in a Seyfert like galaxy.
3.2. Molecular gas
At a five sigma confidence level several H2 molecular emission
lines are detected: H2(1-0)S(3) λ1.96 µm, H2(1-0)S(2) λ2.03
µm, H2(1-0)S(1) λ2.12 µm, H2(1-0)S(0) λ2.22 µm, H2(2–1)S(1)
λ2.25 µm, H2(1-0)Q(1) λ2.41 µm, H2(1-0)Q(3) λ2.42 µm. The
most prominent lines are H2(1-0)S(3) and H2(1-0)S(1).
The line map of H2(1-0)S(1) shows an interesting structure
in the nuclear region of NGC 1433 (see Fig. 3g). First, the overall
emission follows the dust lanes seen in the HST image (see Fig.
10a). Second, the emission peaks about 0′′.5 north-west offset to
the K-band continuum peak and forms an arc-like structure from
there towards the south-east, where the continuum peak is lo-
cated. The LOSV along this region shows a strong gradient from
about −40 km s−1 to 40 km s−1. There are also several bright
emission spots. The most prominent are two spots 2′′–3′′ east–
north–east of the nucleus and a less prominent emission region
in the west about 2′′.5 away from the center. There are several
other emission spots distributed over the spiral dust lanes. The
EW map shows that on the continuum peak the EW is ∼ 1Å
while at the H2(1-0)S(1) emission peak it is ∼ 2.1Å. Moreover,
the strongest EWs are seen in the eastern emission spots ranging
from about 1.8 Å in the eastern surroundings over 3.4 Å in the
north–eastern spot (sp(A)) and reaching about 8 Å in the spot
(sp(B), see Fig. 5). Emission spot sp(B) shows an FWHM of
more than 230 km s−1 and a blue-shifted LOSV of 90 km s−1
whereas the surrounding gas is rather systemic or slightly red-
shifted. The southern spot sp(B) belongs rather to a spiral arm
that is not coupled with the inner nuclear (pseudo-) ring (see
Figs. 3, 4) described by Combes et al. (2013). The LOSV is
rather blueshifted in the arm west of the center whereas the east-
ern side is rather systemic (see Fig. 3i). The region south of the
nucleus, where the gas is redshifted up to 70 km s−1 in an 1′′ dis-
tance, indicates a possible outflow. The FWHM in this region is
180 km s−1 whereas in the center it is around 210 km s−1. To the
north–west of the nucleus there is a probable blue counter part at
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Fig. 3 – Shown are the flux [10−20 W m−2], FWHM [km s−1] and LOSV [km s−1] maps (left to right) of the [Fe ii], Brγ and H2 λ(1-0)S(1)
lines (top to bottom). (a) and (g) show the beam size in the lower left corner for H- and K-band respectively. (g) shows the aperture sizes
taken for our measurements. One angular resolution element (beam) corresponds to a PSFFWHM of 0′′.62 in H-band and 0′′.56 in K-band (see
Fig. 2). The centered circles are of radius 1′′ and 5′′ respectively. The red circles marking the emission regions sp(A) and sp(B) are of radius
0′′.56. The black cross marks the position of the adopted center.
a velocity of only 30 km s−1 and a distance of 0′′.5. An outflow
scenario was thoroughly discussed in Combes et al. (2013). An-
other possible scenario that can explain this high LOSV gradient
in all the emission lines is a gaseous disk in the center of NGC
1433. We will discuss this in section 4.2.
H2(1-0)S(3) is distributed similarly to the H2(1-0)S(1) line.
It seems noisier than H2(1-0)S(3) which is due to a spectrally
noisier region in which the line is situated. Nevertheless, the line
peaks in the same region as H2(1-0)S(1) and has a tail along the
K-band continuum peak towards the south-east. The two emis-
sion peaks in the east are detected as well as other emission spots
that one can identify with bright regions in the H2(1-0)S(1) emis-
sion map. The EWs are similar over the whole FOV. The line
width shows generally higher velocities than the H2(1-0)S(1)
line.
All other detected H2 lines show emission around the center
and/or in the north-eastern emission spot. The dust lane structure
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Fig. 4 – ALMA cycle 0 molecular 12CO(3-2) maps. (a) shows the emission map of 12CO(3-2) [Jy beam−1 km s−1] overlayed with H2(1-0)S(1)
emission contours. The red ellipse at -4,4 describes the beam size. The dispersion (moment 2) is shown in (b) and the LOSV is shown in
(c), both maps are in [km s−1]. (c) shows the cuts for the position velocity (PV) diagrams (see Fig. 12). The cuts were not set on the galactic
center but along the central velocity gradient of the 12CO(3-2) 1st moment map.
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Fig. 5 – EW maps of the narrow Brγ, [Fe ii] and H2 λ(1-0)S(1) lines in Å. For more details see Sect. 3.
is barely traced in emission line maps other than H2(1-0)S(1) and
H2(1-0)S(3).
3.2.1. H2 mass estimation
The warm H2 gas mass can be estimated following Turner &
Ostriker (1977); Scoville et al. (1982); Wolniewicz et al. (1998)
MH2 = 4.243 × 10−30
(
LH2(1-0)S(1)
W
)
M. (4)
A warm H2 gas mass of 4.89 M can be estimated at the central
1′′ (∼54 pc) using an H2 (1-0)S(1) luminosity of LH2(1-0)S(1) =
1.15×1030 W. Within 10′′ × 10′′ FOV a warm H2 gas mass of
19.5 M is estimated using a 5′′ radius aperture centered on
the nucleus. The conversion factor detemined by Mazzalay et al.
(2013)
MH2(cold)
MH2(warm)
= (0.3 − 1.6) × 106 (5)
is used to determine the cold H2 gas mass. The cold H2 gas mass
of (1.5 – 7.8) × 106M is derived for the 1′′ radius aperture and
(0.6 – 3.1)×107M for the 5′′ radius aperture. This means that
one third of the H2 in the central 10′′ can be found in the central
1′′ radius around the nucleus. Combes et al. (2013) derive an H2
gas mass for their outflow, which covers about the same region as
our central 1′′ radius, of 3.6 × 106M. This is in good agreement
with our measurements. However, from our measurements of the
12CO(3-2) emission we estimate an H2 gas mass of 2.1× 105M
for a 1′′ radius and 8.3× 106M for a 5′′ radius, using the Milky
Way dust-to-gas ratio (Solomon & Barrett 1991).
3.3. Continuum
To address the continuum emission in the nuclear region of NGC
1433 a decomposition as described in Smajic´ et al. (2012) was
used. The continuum shows only a stellar contribution with al-
most no extinction needed for the fit. Hence, the K-band con-
tinuum and the stellar continuum peak in the same position and
their photon distributions look very similar. The stellar contin-
uum was obtained by fitting the CO(2-0) bandhead with a stellar
spectrum. Stellar templates from Winge et al. (2009) were used
as input for the fitting routine. The template spectra were con-
volved with a Gaussian to adapt the resolution to our SINFONI
resolution of 4000 in K-band. The red giant HD2490 – spectral
class M0III – fitted best without the need of additional stellar
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Table 1 – Basic data on NGC1433.
Parameter Value Referencec
αaJ2000 03
h42m01.49s (1)
δaJ2000 -47
◦13′20′′.2 (1)
Nuclear activity Seyfert (2)
Redshift 0.003586 (3)
Distance 9.9 Mpc (1′′ = 48 pc) (1)
Inclination 33◦ (4)
Position angle 199◦ ± 1◦ (4)
αbJ2000 03
h42m01.49s This paper
δbJ2000 -47
◦13′18′′.8 This paper
Notes: (a) Galaxy center as adopted by Combes et al. (2013). (b)
The new adopted center taken from the ALMA observations world
coordinate system. (c) (1) Combes et al. (2013); (2) Veron-Cetty &
Veron (1986); (3) Koribalski et al. (2004); (4) Buta et al. (2001).
spectra (e.g. asymptotic giant branch stars). What might be sur-
prising is the fact that the NIR continuum peak coincides with
the optical – HST images from F450W, F660W and F810W fil-
ters – and is not affected by the obvious dust lanes seen in Fig.
10a. Unfortunately, the spectra of these template stars have a
wavelength coverage of only 2.2 µm to 2.4 µm. Therefore, the
fitted spectral region is small, which may explain why no ex-
tinction component was needed for the fit, even at the spatial
positions of the dust lanes.
The H-K color map (see Fig. 6) shows no reddening at the
dust lane position, but towards the newly adopted center a strong
reddening in H-K is detected. This can be taken as a signature
of hot dust at the sublimation temperature. In AGN this hot dust
is located at the sublimation radius which is co-spatial with the
outer edges of the accretion disk and/or the inner edge of the
circum-nuclear torus. From the CO(2-0) band head fitting the
LOSV of the stars can be determined and a rotation direction at
a PA ∼ 201◦ is measured. The velocity field seems to be sys-
tematically redshifted by a few km s−1. A reason may be the
imperfect wavelength calibration as stated in section 2. The pro-
jected velocities range from about -50 to 60 km s−1 and the 0 km
s−1 isovelocity contour lies close to the continuum center. The
line of sight velocity dispersion (LOSVD) ranges from about 90
to 160 km s−1. From the velocity dispersion we can determine
a black hole mass, assuming that NGC 1433 lies on the M-σ
relation. Following Gültekin et al. (2009)
M• = 108.12±0.08 ×
(
σ∗
200 km s−1
)4.24±0.41
M (6)
we determine a black hole mass of M• = 7 × 106M with an as-
sumed velocity dispersion ofσ∗ = 100 km s−1 which is measured
at the very center, where a minimum in LOSV is measured. Such
a minimum in the LOSVD is often found in galaxies with a nu-
clear disk which is not always resolved (Emsellem et al. 2001;
Falcón-Barroso et al. 2006). By assuming a Gaussian distribu-
tion of the fitted LOSVD over our FOV (see Fig. 7) we deter-
mine a mean velocity dispersion of 125 ± 10 km s−1 hence, a
black hole mass of M• = (1.8 ± 0.8) × 107M. The first esti-
mate agrees with Buta (1986), however, the latter represents the
bulges LOSVD which is needed for the equation given above.
From the shape and angle of the K-band continuum isophotal
ellipses we deduce that the PA of the nuclear stellar oval or bar
is ∼ 33◦ (see Fig. 8b, 9c). For the isophotal lines that range from
25% to 35% of the peak luminosity the PA changes to 15◦ before
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Fig. 6 – The H-K color diagram in magnitudes showing the cen-
ter of NGC 1433 measured in the SINFONI H- and K-band. The
contours are from the 0.87 mm continuum emission measured by
ALMA. For more details see section 3.3 & 4.1.
it shifts to a PA of about 70◦ for the inner isophotes. The change
in angle towards the inner isophotal lines can be attributed to the
PSF which is as well elongated in the north–east to south–west
direction at a PA of ∼70◦.
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Fig. 7 – The fit over the stellar dispersion from the continuum
decomposition in 5 km s−1 bins. The X-axis shows the fitted dis-
persion and the Y-axis the total number of spatial pixel that corre-
spond to this dispersion bin. The red curve represents a Gaussian
fit to the distribution.
4. Discussion
4.1. The nucleus of NGC 1433
One result from the continuum decomposition (see Sect. 3.3)
is that the NIR stellar peak at the center does not fall onto the
0.87 mm continuum peak measured with ALMA (see Fig. 8c).
To address this issue the H2(1-0)S(1) contours were overlayed
on the HST F450W map, the ALMA 12CO(3-2) map and the
0.87 mm continuum map (see Figs. 4a, 8c, 10a). Fig. 10a shows
that the dust lanes are well covered by the H2(1-0)S(1) emission
when the stellar NIR peak (marked with an ×) is placed onto the
brightest pixel in the HST image. Furthermore, the H2(1-0)S(1)
emission contours were overlayed on the ALMA 12CO(3-2) map
(see Fig. 4a). The molecular CO emission fits best to the molec-
ular H2 emission when the stellar continuum center is placed
on a small local CO peak about 1′′.5 north and 0′′.2 west from
the assumed center in Combes et al. (2013). Finally, the H2(1-
0)S(1) contours were overlayed on the 0.87 mm continuum map
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Fig. 8 – From left to right H-band, K-band [10−18 W m−2 µm−1] and the 0.87 mm [Jy beam−1] continuum are shown. (c) H2(1-0)S(1) contour
overlayed on the 3 sigma clipped 0.87 mm continuum. For more details see section 3.3 & 4.1.
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(c) Stellar continuum
Fig. 9 – The fitted stellar LOSV map [km s−1], stellar disperion [km s−1] and stellar continuum (arbitrary unit) map are shown. In fig. (a)
the LOSV PA of the galactic rotation is marked. Figure (c) shows probable PAs of the isophotes where the largest cross marks the PA of the
nuclear bar and the smallest cross the orientation of the beam. The middle cross indicates a possible twist in the isophotal lines.
by aligning it to the same spatial pixel that was found from the
overlay onto the 12CO(3-2) map (see Fig. 8c). Interestingly, the
NIR stellar continuum peak is situated on a local 0.87 mm peak
that is about three quarters as strong as the brightest 0.87 mm
peak. The eastern side of the central arclike structure in the H2(1-
0)S(1) line map as described in section 3.2 traces a 0.87 mm
emission towards the peak of the 0.87 mm emission. Further-
more, the H-K color diagram in Fig. 6 shows that towards our
adopted center the color becomes significantly redder, resulting
from the warm dust emission of the SMBH surrounding torus.
Unfortunately, the bright spots in the 12CO(3-2) and the H2(1-
0)S(1) emission maps, which could be used to align the NIR and
the sub-millimeter maps, do not coincide exactly with each other.
As it is shown in Fig. 4a, the brightest 12CO(3-2) region, at
the north–east, is very well traced by the H2(1-0)S(1), as well
as the bright clumps in the west. Using these emission regions a
proper alignment can be obtained as it is appreciable also in the
correspondence of the extended flux of both emitting species.
The error estimate of the center positioning, using the described
method, turns out to be 0′′.2. The estimated error becomes evi-
dent when studying the 0th and 1st moment maps of 12CO(3-2),
overlayed with the corresponding H2 maps. The error represents
a shift of the ALMA data with respect to our NIR/optical cen-
ter. By shifting the CO maps with respect to the H2 emission
line map a cross-correlation of the strongest 12CO(3-2) emis-
sion spots with probable corresponding emission in the H2 map
is performed. Additional support for the newly estimated nu-
clear position is the strong velocity gradient across this region in
all emission lines, e.g. 12CO(3-2), H2(1-0)S(1), Brγ and [Fe ii].
Also, [Fe ii] and Brγ only show detectable emission at the posi-
tion of the stellar continuum peak co-spatial with emission from
the circum-nuclear hot dust. The exact position of the adopted
new center is given in table 1. This is convincing combined ev-
idence for the presence of an AGN and a SMBH at the newly
found position.
4.2. The central arcsecond
As already mentioned in section 3.2 the high velocities in the
central region were already discussed for the 12CO(3-2) line ob-
served with ALMA. Combes et al. (2013) argued mainly about
an outflow scenario and its origin. Although they placed the cen-
ter of NGC 1433 and therefore the AGN more than 1′′ further
south their argumentation is still solid. But, due to the change in
the position of the center a rotating gaseous disk surrounding the
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Fig. 10 – Figure (a) shows an HST map at about 4380 Å with H2(1-0)S(1) contours overlayed. Figure (b) shows the same HST image in the
ALMA FOV with the 12CO(3-2) line emission in contours. The HST images were taken from the archive and were observed with the WFC3
instrument and the UVIS detector using the F438W filter. The images illustrate the remarkable overlap of dust lanes and molecular hydrogen
(a) and 12CO(3-2) emission (b), respectively.
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(c) CO(3-2) – stellar LOSV + 20 km s−1
Fig. 11 – Stellar LOSV subtracted maps of H2(1-0)S(1) and 12CO(3-2). (c) is the same as (b) but 20 km s−1 were added to the residual to
indicate the higher resemblance with Fig. (a). All color-bar units are in km s−1. For more details see Sect. 4.2.
nucleus and the center of the stellar distribution of NGC 1433
needs to be considered as an alternative solution.
A central nuclear disk?: In H2 a velocity gradient of -
40 km s−1 to 40 km s−1 is measured at a 1′′ diameter distance
over the nucleus (see Fig. 3i). This gradient is higher in 12CO(3-
2) reaching velocities of - 80 km s−1 to 120 km s−1 (see Figs.
4c,12a). Using the H2(1-0)S(1) velocities we determine a cen-
tral mass to be Mcent of 7.3 × 106M. This mass is in-between
the two measured black hole masses determined using the M–σ
relation (7 × 106 and 1.7 × 107M, see also Sect. 3.3). The ve-
locity gradient across the center is at a PA of 140◦ and is aligned
with the far–side of the galaxy whereas the stellar velocity gra-
dient is at a PA of 201◦. This nuclear velocity gradient is seen in
all detected NIR emission lines except for [Fe ii], which can also
resemble a north–south aligned gradient.
There is a discrepancy in the line of nodes angle between H2
and 12CO(3-2). For 12CO(3-2) we measure a line of nodes PA of
155◦, this difference is visible in the LOSV maps of the respec-
tive lines (see Figs. 3i,4c). The effect is probably introduced by
PSF smearing since we are looking at a barely resolved region.
A possible inclination (face–on to edge–on) of this gaseous nu-
clear disk cannot be determined from this data and since the PA
differs strongly from the stellar PA a rotation in the galactic disk
plane does not distinguish itself.
The position velocity (PV) diagram in Fig. 12a shows a pos-
sible central rotating disk profile that reaches the maximum ve-
locities of ±100 km s−1 at ±0′′.4 from the center. Here the PA of
the PV diagram was chosen based on the velocity field in the cen-
tral region (see Fig. 4c). Assuming an edge on disk a lower limit
for the dynamical mass is estimated to be 4 × 107M with the
measured velocity and radius. This mass is higher than our esti-
Article number, page 9 of 18
A&A proofs: manuscript no. master
Table 2 – Emission lines
center sp(A) sp(B)
Line Flux FWHM Flux FWHM Flux FWHM
λ [µm] [10−18 W m−2] [km s−1] [10−18 W m−2] [km s−1] [10−18 W m−2] [km s−1]
[Fe ii] 1.94 ± 0.47 190 ± 50 ... ... ... ...
1.644
H2(1-0)S(3) 1.33 ± 0.13 210 ± 20 0.33 ± 0.02 180 ± 15 0.29 ± 0.02 230 ± 15
1.957
H2(1-0)S(1) 0.86 ± 0.11 180 ± 25 0.28 ± 0.02 125 ± 10 0.28 ± 0.03 255 ± 25
2.122
Brγ 0.295 ± 0.095 185 ± 70 ... ... ... ...
2.166
H2(1-0)S(0) 0.36 ± 0.09 230 ± 75 0.065 ± 0.02 190 ± 70 0.05 ± 0.02 195 ± 115
2.223
H2(2-1)S(1) 0.13 ± 0.06 110 ± 55 0.04 ± 0.015 140 ± 60 0.04 ± 0.02 235 ± 50
2.247
H2(1-0)Q(1) 1.08 ± 0.20 185 ± 30 0.28 ± 0.03 155 ± 15 0.21 ± 0.04 250 ± 40
2.408
H2(1-0)Q(2) 0.79 ± 0.265 290 ± 75 ... ... 0.06 ± 0.02 115 ± 35
2.414
H2(1-0)Q(3) 1.02 ± 0.20 205 ± 30 0.23 ± 0.015 135 ± 15 0.18 ± 0.02 235 ± 35
2.422
For center: The lines were measured in a 1′′ radius aperture centered on the adopted galactic center and nuclear position. For sp(A) and
sp(B): The lines were measured in a 0′′.56 radius aperture centered on the emission region. See also Fig. 3g. The FWHM is not corrected for
instrumental broadening, which is ∼ 100 km s−1 in H-band and ∼ 75 km s−1 in K-band.
mated BH mass values. However, we derived here the dynamical
mass within an aperture of 0′′.4 radius which is supposed to be
higher than the BH mass since it accounts for the stellar mass in-
cluded in this aperture. Assuming that the inclination is i = 33o
this implies a higher mass by a factor of 3 (see Combes et al.
2013). But inclination and PA of a circum nuclear disk do not at
all have to agree with the corresponding values of the larger scale
galaxy structure. A large stellar mass contribution for the inner
20 pc can be expected for NGC 1433. For example at the center
of the Milky Way the mass density in the inner parsec reaches
values of the order of 105 M pc−3 (see Fig. 22 by Schödel
et al. 2009, 2002). This results in an enclosed stellar mass of
4×107 M pc−3 at a radius of 10 pc and about 108 M pc−3 at a
radius of 20 pc. This implies that also in the case of NGC1433
the stellar mass contribution will be substantial.
The tips of the disk are located at the slightly increased dis-
persion spots as seen in the 2nd moment 12CO(3-2) image (Fig.
4b). The lack of 12CO(3-2) emission at the very center can be ex-
plained by highly excited (possibly even optically thin) molecu-
lar gas at temperatures of >55 K that is suppressed in its emis-
sion through the 12CO(3-2) transition. Molecular rings filled in
by line emission of higher rotational transitions are a commonly
observed phenomenon in galactic nuclear regions. In the case of
I Zw 1 Staguhn et al. (2001); Eckart et al. (2001, 2000) have
shown that the circum-nuclear ring structure, which is present
in interferometric 12CO(1-0) maps, is not evident in 12CO(2-1)
maps since the center of the ring has been filled up by 12CO(2-
1) line emission enhanced through higher molecular excitation
towards the nucleus. There is also ample evidence of elevated
12CO(3-2)/(1-0) ratios towards the central positions of galac-
tic nuclei, as demonstrated by Irwin et al. (2011). Their Fig.7
shows that at densities of 104 cm−3 a variation of that ratio by a
factor of up to 4 can be obtained if the molecular gas tempera-
ture varies between typical nuclear (Muraoka et al. 2007; Tilanus
et al. 1991; Israel et al. 2006) and off-nuclear values (Mauers-
berger et al. 1999; Wilson et al. 2009) of T∼50 K and T∼10 K.
Such a behavior of the molecular gas structure around an AGN is
also expected theoretically, based on three-dimensional non-LTE
calculations of CO lines (Wada & Tomisaka 2005).
The H2 mass derived in the nuclear region is an indicator that
the gas close to the nucleus is indeed highly excited since we
derive from the 12CO(3-2) transition a lower mass than from the
H2(1-0)S(1) transition. To resolve this issue, however, we need
sub-mm observations of the central region at higher frequencies
and higher angular resolution.
The central nuclear outflow: The newly determined nuclear
position agrees well with the kinematic origin of a potential
molecular outflow. Interpreting the observed nuclear [Fe ii] and
Brγ line emission as tracers of star formation activity (see Sec.
3.1) make star formation an unattractive source for driving such
an outflow. In fact, it is very likely that intermittent nuclear ac-
cretion events are the driving force (see also Combes et al. 2013).
The rotation profile might as well be produced by an outflow
which is then smeared out by the PSF to look like a rotation.
We estimate the disk radius to be about 0′′.4, by measuring the
distance of the absolute disk velocity maxima from the center,
which is about the size of the PSF. The PV diagram perpendic-
ular to the velocity gradient (see Fig. 12b) shows conspicious
faint emission lobes at the 0′′ position and at a velocity of about
±60 km s−1. Almost no emission is detected in-between these
velocities on the nucleus which is expected for a molecular disk,
but is not necessary (see above). The other emission lobes in the
PV diagram are the molecular arms.
A combined model: A third possibility is a combination of
rotating disk and outflow. This scenario would explain the rota-
tional character of the center and the red tail south of the nucleus
visible in H2(1-0)S(1) and 12CO(3-2). Assuming a disk with a
single sided outflow away from the observer this explains also
the higher redshifted velocity compared to the blueshifted veloc-
ity in the SINFONI observation. The different PAs of the central
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Fig. 12 – PV diagrams from the 12CO(3-2) ALMA cube (a) along
the central velocity gradient (PA= 140◦) and (b) perpendicular to
the central velocity gradient (PA= 50◦). The color-bar shows the
flux density in [Jy beam−1]. The position of the cuts is displayed in
Fig. 4c. The white rectangle marks the nuclear region in which the
central velocity gradient is dominent. (a1) to (b3) mark dust arm
positions: (a1) eastern arm, (a2) southern arm, (a3) nuclear arm,
(a4) northern arm, (b1) overlap between eastern and southern arm,
(b2) nuclear arm, (b3) southern arm (west).
velocity gradients as measured for H2 and CO might then be in-
troduced by PSF smearing due to the higher 12CO(3-2) velocity
of the outflow compared to the H2 velocities. This approach con-
firms the increased redshifted velocity 1′′ south of the nucleus
seen in the H2 and CO LOSV images (Fig. 3i, 4c) that follow the
0.87 mm continuum tail.
Due to the newly determined position of the center of
NGC1433 the outflow’s origin is the SMBH, located at the con-
nection point of blueshifted and redshifted gas in the center. With
the new central position we can now also explain the off-nuclear
dust continuum emission. Fig. 8c shows the 0.87 mm emis-
sion overlayed with H2(1-0)S(1) emission contours. Comparing
these two emission maps shows that radio continuum emission
is present at least on the center and with its emission peak about
1′′.5 south of it. Following the H2(1-0)S(1) emission from nu-
cleus to radio continuum peak one traces also weak radio contin-
uum emission. This emission is a three sigma detection and the
overlap of radio continuum and H2 emission is remarkable. This
radio continuum trail puts the outflow(+disk) scenario at least in
front of the rotational disk only scenario. The trail is then ex-
plained by grey body dust emission where the dust was excited
by the outflow. Interestingly, the EW of H2(1-0)S(1) is almost
constant along this trail and around the nucleus except for the
emission peak. One might expect an increase of the EW in the
outflow regions with respect to the surroundings due to higher
H2 fluxes, but none can be detected in any of the emission lines.
The dust lane 2′′ south of the nucleus shows the same EW as the
outflow tail region.
4.2.1. A simple model approach
To substantiate the discussion three simple models for the cen-
tral velocity gradients were derived. A disk model based on a
differentially rotating edge-on disk with a rotational velocity of
v ∼ 100 km s−1 at the outer edge was constructed (see Fig. 13a).
An inclination parameter was not taken into account since this
will mainly change the value of the LOSV of the disk. For the
outflow model a constant velocity of v ∼ 100 km s−1 was as-
sumed up to a radius of 0′′.625 (see Fig. 13b). A fixed inclina-
tion of 30◦ was chosen for the outflow. The orientation for both
models is at a PA of 130◦. The scale height (e.g. disk thickness
and width of the outflow) was chosen to be 3 spatial pixels. A
change in scale height results directly in a different observed
LOSV, therefore, this parameter was fixed as well. These two
models were then convolved with a Gaussian PSF, using the
FWHM measurements of the telluric standard star in K-band.
These models were placed on an emissionless background.
As a result the convolved models of disk and outflow look
very similar and cannot unambiguously be traced back to their
underlying model. The models fit well in the central 1′′ diame-
ter region. The redshifted part, however, shows an elongated tail
southwards which cannot be accounted for with these two iso-
lated models.
Therefore, as a third model we chose a combination of the
disk model as described above and a one-sided outflow model.
The outflow is now at a PA of ∼ 175◦ and only the redshifted part
is taken into account. The radius of the disk is the same as above.
The radius for the outflow is 1′′.5. The velocities chosen for this
model are 60 km s−1 for the disk and 80 km s−1 for the out-
flow. The convolution was done with the same PSF as mentioned
above. The combined model is shown in Fig. 13c. To derive sim-
ilar velocities as in our H2(1-0)S(1) LOSV map we changed the
velocities of disk and outflow and the PA of the outflow, only.
All other parameters have the same values as described above. A
one-sided outflow can be justified if an otherwise double-sided
nuclear wind gets into contact with a molecular cloud at only
one side.
This third approach can describe the central gradient and the
southwards going redshifted tail. Fig. 14 shows a 4′′ × 4′′ detail
of the H2(1-0)S(1) velocity field centered on the nucleus and the
model subtracted residual. The residual is at 0±10 km s−1 in the
vicinity of the central gradient. The redshifted tail shows higher
redshifted residuals at ∼ 1′′ distance from the center, which can
mainly be attributed to the underlying galactic rotation.
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Fig. 13 – The models used in section 4.2.1 are presented. (a)-(c) are the constructed models, (d)-(f) are the PSF convolved models. For more
details see Sect. 4.2.1.
4.3. The dusty nuclear spiral arms
The primary bar of NGC 1433 has an efficient way to pull gas
towards the central region where it accumulates in a nuclear ring
of about 10′′ radius (see Fig. 1). This is where the nuclear star
formation ring gathers its fuel from (note the various bright spots
(probably stellar clusters) in Fig. 10b). From this nuclear ring
several dust lanes wind towards the center forming a pseudo-ring
of about 4′′ radius right outside the inner ILR (iILR) at 3′′.6 Buta
et al. (2001). The dust arms show differential LOSV patterns as
seen in Fig. 3i and 4c.
In the 10′′×10′′ FOV we identify at least three different arms.
The northern arm comes from the north along the western side
towards the center and is blueshifted. The southern arm stretches
from the west along the south towards the emission peak in
12CO(3-2) and is rather redshifted. The eastern arm comes from
the south out of the 10′′ × 10′′ FOV and goes also towards the
12CO(3-2) emission peak but is blueshifted (see Fig. 4c). The
western part of the inner 2′′ is quite blueshifted and seems con-
nected to the region of the H2 nuclear peak. This nuclear arm also
extends southwards and turns around from the south to the north
towards the nucleus and becomes more redshifted the closer it
gets.
The arms are well detected in 12CO(3-2) and the LOSVs are
similar to the H2 LOSVs except in one region that belongs to the
eastern arm. This H2(1-0)S(1) emission, sp(B) (see Sect. 3.2), is
the most blueshifted region in the H2 LOSV map. It reaches al-
most –100 km s−1 at a distance of 3′′.5 to the nucleus. The region
north of it, sp(A) (see Sect. 3.2), the strongest 12CO(3-2) emis-
sion does not seem to be as blue as the eastern arm and not as red
as the southern arm but rather a mix of both. This region is where
eastern and southern arm meet or overlap, which would explain
the strong 12CO(3-2) and the H2 emission there. Note that al-
though we see a maximum in 12CO(3-2) emission the dust lane
here becomes fainter as seen in the HST images. The southern
spot sp(B) is stronger in H2 than sp(A) and shows an FWHM of
up to 250 km s−1. Either we see already an interaction between
the two arms or we see a massive star formation region hidden
behind and pushing at all the dust and gas. At least this would
explain the strong blueshift and the strong H2 emission due to
UV excitation. The linewidth of the H2 line in sp(B) speaks in
favor of a collision of the two arms. Also no Brγ emission can be
detected in sp(B) which would imply that the column density of
the dust and molecular gas (e.g, H2) between observer and star
forming region has to be very high so that the H ii region cannot
be detected. In addition no CO emission peak coincides with the
position of sp(B). The velocity dispersion in the arms at 2′′ dis-
tance from the nucleus is up to 50 km s−1 and higher (see Fig.
12) which may indicate an arm–arm interaction or hidden star
formation activity.
The measurements of the stellar LOSV with an PA of 21◦ are
consistent with measurements by Buta et al. (2001). The stellar
continuum map shows an angle of 33◦ for the nuclear bar which
is confirmed by Combes et al. (2013). There does not seem to
be a greater disturbence of the stellar distribution. A minor twist
from 33◦ in the outer isophotes to 15◦ and then to 69◦ towards the
Article number, page 12 of 18
Semir Smajic´ et al.: ALMA backed NIR high resolution integral field spectroscopy of the NUGA galaxy NGC 1433
  
 
 
 
 
 
-100
-50
0
50
100
 
Plot produced with the IDL procedure PLOTFITS by Konrad R. W. Tristram
 
2 1 0 -1 -2
∆ RA [as]
-2
-1
0
1
2
∆ 
D
EC
 [a
s]
(a) H2(1-0)S(1) detail
  
 
 
 
 
 
-100
-50
0
50
100
 
Plot produced with the IDL procedure PLOTFITS by Konrad R. W. Tristram
 
2 1 0 -1 -2
∆ RA [as]
-2
-1
0
1
2
∆ 
D
EC
 [a
s]
(b) H2(1-0)S(1) − model
Fig. 14 – (a) shows the central 4′′ × 4′′. (b) shows the same detail
but subtracted by the combined model (see Fig. 13f). For more
details see Sect. 4.2.1.
central isophotes is detected (see Fig. 8). The central isophotes
are dominated by the PSF structure which is also alongated along
a PA of 69◦. An ellipses fit to the continuum in optical and NIR
confirms our PA measurements.
4.4. Computation of the torques
A nuclear bar is well detected in near-infrared images of NGC
1433 (see for example Jungwiert et al. 1997). It lies inside the
nuclear ring, and extends out to about 400 pc in radius, with
a position angle of PA=30◦. Inside the ring, a patchy nuclear
spiral structure was discovered in HST images by Peeples &
Martini (2006). In the present HST data set the dust extinction
is smallest in the I-band image that we select to trace the old
stellar component, and derive the gravitational potential, with
high spatial resolution. We have not separated the bulge from the
disk contribution, considering that the bulge is highly flattened.
Buta et al. (2001) concludes that the inner part of the bulge is
as highly flattened as the disk, from both photometry and kine-
matic arguments. The dark matter fraction is also negligible in
the central kpc. The HST-F814W image has been rotated and de-
projected according to PA=19◦ (equivalent to 199◦) and i=33◦,
and then Fourier transformed to compute the gravitational poten-
tial and forces. A stellar exponential disk thickness of ∼1/12th
of the radial scale-length of the galaxy (hr=3.9kpc) has been
assumed, giving hz=328pc. This is the average scale ratio for
galaxies of this type (e.g., Barteldrees & Dettmar 1994; Bizyaev
& Mitronova 2002, 2009). The potential has been obtained as-
suming a constant mass-to-light ratio of M/L = 0.5 M/L in the
I-band over the considered portion of the image of 2 kpc in size.
This value is realistic in view of what is found statistically for
spiral galaxies (Bell & de Jong 2001). The pixel size of the map
is 0.1′′=4.8 pc. The stellar M/L value was fit to reproduce the
observed CO rotation curve.
The potential has been decomposed into its different Fourier
components, as in Combes et al. (2014). The radial distribution
of their normalized amplitudes and their radial phase variations
are displayed in Fig. 15.
Fig. 15 – Top Strengths (Qm and total QT ) of the m = 1 to m = 4
Fourier components of the stellar potential within the central kpc.
Inside a radius of 130 pc, the m = 1 term dominates, and the
nuclear bar extends until 350 pc radius. Bottom Corresponding
phases in radians of the Fourier components, taken from the major
axis, in the deprojected image.
From the potential, we derive the torques at each pixel, as
described in García-Burillo et al. (2005). The sign of the torque
is determined relative to the sense of rotation in the plane of the
galaxy. The product of the torque by the gas density Σ is shown
in Fig. 16.
The torque weighted by the gas density Σ(x, y) is then aver-
aged over azimuth, and allows us to estimate the time variations
of the specific angular momentum L of the gas. The torque ef-
ficiency in driving gas flows is then obtained by normalizing at
each radius by the angular momentum and rotation period, as
shown in Fig. 17.
The definition of the exact center of the galaxy has an uncer-
tainty of ±0.2 arcsec. To estimate the implied uncertainty on the
torques, we have computed them whith several centers, displaced
by ±0.2 arsec in RA and DEC. This resulted in an uncertainty on
torques of about 20%.
Although the nuclear bar strength is diluted by the flattened
bulge, Fig. 17 shows that its efficiency is still high. Between 88
and 200 pc, the gas gains up to 50% of its angular momentum in
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Fig. 16 – Top: Map of the gravitational torque, t(x,y) × Σ(x,y),
weighted by the gas surface density Σ, assumed proportional to
the 12CO(3-2) emission. The torque per unit mass is t(x, y) =
x Fy − y Fx at each pixel (x,y), where Fx and Fy are the forces
per unit mass, derived from the potential. The torques change sign
as expected in a four-quadrant pattern (or butterfly diagram). The
orientation of the quadrants follows the nuclear bar’s orientation.
In this deprojected picture, the major axis of the galaxy is oriented
parallel to the horizontal axis. The inclined line reproduces the
mean orientation of the bar (PA = 101◦ on the deprojected im-
age). Bottom: The deprojected image of the 12CO(3-2) emission,
at the same scale, and with the same orientation, for comparison.
The axes are labelled in arcsecond relative to the center. The color
scales are linear, in arbitrary units.
one rotation, i.e. in ∼ 40 Myr. Outside of this radius, the torque
is negative. The radius of 200 pc corresponds to a pseudo-ring,
which Combes et al. (2013) interpreted as the inner ILR of the
bar, i.e. the ILR of the nuclear bar. The observed torques drive
the gas towards this ring, and re-inforce it. Inside 88 pc, the
torque results have no meaning, since we observe mostly out-
flowing gas, dragged by the putative AGN jets (Combes et al.
2013). The computation cannot be interpreted in terms of aver-
age torque here, since the gas is not in quasi-stationary orbits in
rotation around the center of the galaxy, aligned on the galaxy
plane. Instead the gas is ejected at some angle from the plane
(Combes et al. 2013), and the deprojections and torque compu-
tations do not apply here.
Fig. 17 – The radial distribution of the torque, quantified by the
fraction of the angular momentum transferred from the gas in one
rotation–dL/L, estimated from the 12CO(3-2) deprojected map.
The vertical line at 88 pc radius delimitates the extent of the cen-
tral gas outflow, and the computation has no meaning here. The
torque is positive inside a 200 pc radius and then negative outside.
In summary, the gravity torques appear negative at a radius of
R>200 pc and positive at R<200 pc. This leads to a accumulation
of gas at the position of the R=200 pc ring, which is expected
for the ILR of the nuclear bar. To drive the gas further in, other
mechanisms, such as viscous torques or dynamical friction, have
to be invoked to take over and fuel the nucleus.
4.5. Line diagnostics
The nuclear region and emission spots sp(A) and sp(B) are the
only regions to show a variaty of line species that allow for a line
diagnostic.
The diagnostic diagram of the logarithmic line ratios of H2(1-
0)S(1) over Brγ and [Fe ii] over Paβ distinguishes three differ-
ent galaxy types. Starburst galaxies, in the lower left, are pho-
toionized and show very high H ii emission. LINERs are mainly
shock ionized, hence shock tracers like H2(1-0)S(1) and [Fe ii]
λλ 1.257µm,1.644µm show stronger emission. Since both exci-
tation mechanisms can be found in Seyfert galaxies this galaxy
type is placed between the two extrema.
NGC 1433 takes its place in the AGN regime (see Fig. 18),
but it is close to the shock ionized LINERs. Aperture effects
might shift the classification into the LINER regime. This is
mainly due to a deficiency of H ii in the central region where we
detect Brγ only on the very center, the location of the nucleus.
We confirm earlier classifications (e.g. Veron-Cetty & Veron
1986; Cid Fernandes et al. 1998) that describe this galaxy as be-
ing Seyfert and LINER like. Due to the borderline classification
of NGC 1433 as being a Seyfert/LINER galaxy the scenarios that
include outflows are further supported.
The conversion between the [Fe ii] λ1.644µm flux, obtained
from our H-band observation and [Fe ii] λ1.257µm was done
using the factor λ1.644µm/λ1.257µm = 0.744 (Nussbaumer &
Storey 1988). For the conversion of Brγ to Paβ the case B ratio
of Brγ/Paβ = 0.17 was used, for a temperature of T = 104 K
and an electron density of ne = 104.
The detection of several molecular hydrogen emission lines
allows for a line ratio diagnostic (Rodríguez-Ardila et al. 2005).
There are three main excitation mechanisms of molecular hy-
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Fig. 18 – Diagnostic diagram to classify the emission at the nu-
cleus. The [Fe ii] λ1.257 µm and Paβ values were derived from the
[Fe ii] λ1.644 µm and the Brγ line.
drogen in the NIR namely (i) UV flourescence (non-thermal);
(ii) X-ray heating (thermal); (iii) shocks (thermal).
i UV-flourescence: High energetic UV photons from the
Lyman–Werner band (912-1108 Å) are absorbed by H2
molecules and then re-emitted at lower frequencies. This can
occur in a warm high-density gas where one finds thermal
emission line ratios for the lower levels. Because of the high-
density the lower levels are dominated by collisional excita-
tion. Hence, observations of the higher level transitions are
required to distinguish UV pumping (non-thermal) from col-
lisional excitation (thermal).
ii X-ray heating: X-ray dominated regions (XRDs) in which
H2 is mainly ionized by X-rays are observable in regions
with temperatures < 1000 K. At higher temperatures shock
excitation due to collisions populates the lower excitation
levels. The ionization rate per H-atom is limited to < 10−15
cm3 s−1 since higher rates will destroy the H2 molecules
(e.g. Tine et al. 1997; Draine & Woods 1990; Maloney et al.
1996). In dense, static photodissociation regions UV instead
of X-ray photons can heat the molecular gas.
iii Shock fronts: The collisional thermal excitation via shock
fronts in a medium populates the electronic ground levels
of H2 molecules. This population of the ro-vibrational tran-
sitions is described by a Boltzmann distribution. The kinetic
temperatures in these shock excited regions can be higher
than 2000 K (Draine & McKee 1993).
Non-thermal excitation cannot be the excitation mechanism
in any of our analyzed regions since all regions show (2-
1)S(1)/(1-0)S(1) ratios of < 0.2 (see Fig. 19). The central re-
gion is situated above the thermal emission curve which is prob-
ably due to an overestimation of the (1-0)S(3) line that is situ-
ated in a noisy spectral region. Nevertheless, Rodríguez-Ardila
et al. (2005) show that the bulk of Seyfert galaxies, indepen-
dent of Seyfert type, have similar (1-0)S(3)/(1-0)S(1) ratios or
even higher than our nuclear region. Hence thermal excitation is
the dominant mechanism in the center but further differentiation
cannot be concluded.
Emission spot sp(A) lies on the thermal emission curve at an
excitation temperature between 2000 K and 3000 K. This im-
plies that the gas there is heated up, probably by a hidden star
formation region. The 12CO(3-2) map shows the brightest emis-
sion in this region. The star formation region has then already
formed stars, which explains that Combes et al. (2013) report a
non-detection of the dense gas tracers HCO+(4–3) and HCN(4–
3) in this region. The fact that we do not detect Brγ emission
hints at a high column density towards the star forming region’s
H ii region.
Emission spot sp(B) lies slightly off the thermal excitation
curve at about 2000 K and is close the predicted shock exci-
tation models by Brand et al. (1989). The 12CO(3-2) shows no
increased flux in this region hence sp(B) seems not to be excited
by the same mechanisms as sp(A). The broadness of the H2 lines
in sp(B) as well as the very blueshifted velocities indicate an in-
teraction of the two arms, eastern and southern arm (see Fig. 4c).
Due to the interaction of the arms shock fronts are induced in the
gas which then excite the H2 molecules in sp(B). Another possi-
bility is a strong star formation that shocks the surrounding gas.
As in sp(A) no Brγ or HCO+(4-3) and HCN(4-3) are detected
indicating either a high column density towards the region, a not
strong enough ionization source or not dense enough gas.
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Fig. 19 – Molecular hydrogen diagnostic diagram to classify the
emission at the nucleus in red and in emission spots sp(A) in
green and sp(B) in blue. Line ratios are H2(2-1)S(1)/H2(1-0)S(1)
and H2(1-0)S(3)/H2(1-0)S(1). The curve represents thermal emis-
sion at 1000–3000 K. Horizontal stripes are thermal UV excita-
tion models by Sternberg & Dalgarno (1989). Vertical stripes are
non-thermal models by Black & van Dishoeck (1987). The area of
X-ray heating models by Draine & Woods (1990) is marked by an
open triangle (yellow). The open turquoise circle marks the region
of the shock model by Brand et al. (1989).
5. Conclusion and summary
We have presented the first ALMA backed SINFONI results
for the nearby LINER/Seyfert 2 galaxy NGC 1433 from the
extended NUGA south sample. We constrain the center of the
galaxy and the black hole position to the optical and NIR stel-
lar luminosity peaks with an error of ±0′′.2. The new center lies
about 1′′.5 north-north-west from the adopted center (see table 1)
by Combes et al. (2013).
With the new adopted center we discuss the velocity field of
the H2 and CO gas in the very center and propose three inter-
pretations of the results: gaseous disk, molecular outflow or a
combination of both. No outflow characteristics were observed
in X-ray, however, the resolution is with 2′′ not good enough to
trace the possible outflow that we describe above. Our simple
modeling approach shows that, spatially, there is no difference
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between a central disk model and a nuclear double-sided out-
flow. Depending on the yet unknown inclination the disk might
be decoupled. Furthermore, the combination of a circum nuclear
disk and a one-sided outflow is a scenario that can explain the
southwards reaching redshifted tail as well as the central veloc-
ity field, but it has a higher number of degrees of freedom.
Further analysis of the spiral arms and their LOSVs hints at
an inflow scenario for the center of NGC 1433 (see Fig. 11). The
dust arms seem to leave the disk which is implied by the blue
LOSV 2′′ west of the nucleus and turn around again to fall in
the direction of the nucleus where they encounter the strong nu-
clear velocity gradient which is oriented at a PA ∼ 140◦. Our
torque calculations show that the gas is driven towards a nu-
clear ring of 200 pc radius, which could be the ILR of the nu-
clear R=430 pc bar. A possible gas infall towards the very center
requires that other mechanisms, e.g. viscous torques, can take
over from there. Indeed we see several dust arms within a 2′′
radius, i.e the nuclear–arm and several faint dust lanes (see Fig.
10) which could be driven inwards by viscosity torques (Combes
et al. 2004; van der Laan et al. 2011). The observed dip in
LOSVD of the stars can then be explained by infalling gas that
creates a nuclear disk in which stars are formed with a lower ve-
locity dispersion than the bulge LOSVD (Emsellem et al. 2001;
Falcón-Barroso et al. 2006).
The PV diagrams speak in favor of an outflow (see Fig. 12)
scenario. With the new center the outflow has its origin at the
position of the SMBH. The lower H2 velocity with respect to the
CO velocity in the nuclear region indicates a shock ionization
of the the gas. However, a small circum nuclear disk cannot be
excluded.
The measurement of the stellar LOSV is consistent with lit-
erature values. The isophotes in the central region follow the nu-
clear bar structure although a small deviation may be detected
towards the center (see Fig. 9).
The emission lines allow a line diagnostic on the nucleus
and in emission spots sp(A) and sp(B). We confirm a Seyfert-to-
LINER like excitation mechanism from the diagnostic diagram
in Fig. 18. Thermal excitation dominates emission spots sp(A)
and sp(B). The thermal emission temperature is higher in sp(A)
than in sp(B) whereas sp(B) is close to the shock excitation mod-
els by Draine & McKee (1993). Sp(A) lies exactly on the thermal
emission curve at ∼ 2500 K. An outflow inferred from strong
star formation in the center can be excluded due to a very low
SFR. We detect either hidden star formation in sp(A) and sp(B)
or a strong dust arm interaction in sp(B) due to strong 12CO(3–2)
and H2 emission in sp(A) and strong and turbulent H2 emission
in sp(B).
We measure a stellar mean LOSVD of 124 km s−1 and de-
termine a black hole mass of M• = 1.74 × 107M which is by
a factor 2 higher than literature values. The H2 gas mass is de-
rived from 12CO(3–2) and from the warm H2 gas in the NIR. We
derive in the central 1′′ radius aperture an H2 mass of ∼ 106M
from the warm NIR gas which is a factor 2 higher than the value
from the CO luminosity. For the larger central 5′′ radius aperture
we derive from both lines a mass of ∼ 107M. This difference in
the center may result from a lack of emission of the 12CO(3–2)
transition due to highly excited gas with temperatures of > 55 K.
The dust and gas arms reach towards the center. But is the
center accreting this gas mass through a disk? Or is it repelling
a possible infall through an outflow? Or do we see both mech-
anisms working without any larger interaction? Higher spatial
resolution in forthcoming ALMA cycles and SINFONI with AO
assistance as well as higher excited CO transitions are needed
to sufficiently resolve the center and the mechanisms that create
this strong gradient which is not aligned with the stellar rotation.
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Appendix A: Detector specific pattern and
atmospheric emission correction
During the data reduction we had to address a problem with the
SINFONI detector that occurred during the observing period.
The detector amplifiers introduce two different types of varia-
tion in the arbitrary digital units (ADU) (see Fig. A.1). These
variations would come and go from exposure to exposure and
were also found in the calibration data provided to the observa-
tion data. From our investigation of the affected files we have
recognized this problem in particular amplifiers of the 32 ampli-
fiers of SINFONI with random occurrence (from file to file) in
these amplifiers, but we also identify fixed patterns. There are
two different noise patterns within the amplifiers:
Pattern one is a constant offset in every second pixel col-
umn of an amplifier (see first row of Figs. A.1 & A.2). But it
is neither constant between two amplifiers nor between differ-
ent exposures. It seems that this pattern occurs in several but not
in all amplifiers and that there are amplifiers where it is usually
stronger than in others.1
Pattern two shows a sinusoidal noise pattern in every four
columns of one amplifier (see second row of Figs. A.1 & A.2).
The pattern was fitted best with a sine function that added an
offset of half a pi to the next column. This pattern occurs only
in amplifiers 14, 16, 18 and 20, counting from left to right and
starting with 1.
Both patterns were observed in separate, but also in the same
exposure (data file), no superposition was observed. In one data
file an amplifier stopped showing a noise pattern after about 1000
rows.
1 We did not investigate in which amplifiers it occurred exactly be-
cause the offset was sometimes very small. One could make it out by
eye but the standard deviation was not much higher if any than in not
affected amplifier columns. A lot more time would have been needed to
investigate the exact occurrence of this noise pattern.
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(a) Pattern One
(b) Pattern Two
Fig. A.1 – The figure shows the last four pixels (from bottom to
top). Shown are the two types of pattern that randomly show up
on the SINFONI detector. When affected, it is always at least one
amplifier (64 pixels or columns).
We investigated the last three pixels in every column of the
detector. These pixels are control pixels that are not exposed to
light but suffer from the same electronic noise as the rest of the
detector2. From these pixels we were able to determine if there is
a noise problem in the amplifier columns by standard and mean
deviation methods. We separated the two problems, first correct-
ing for the constant offset pattern, which is easier to determine.
The complication here was the automated correction due to posi-
tive or negative ADU means combined with negative or positive
constant offsets. After that we corrected for the sinusoidal pat-
tern by fitting a two-dimensional sine with 16 columns and 4
rows making up the 64 channels of every amplifier. The noise
was detected and corrected in 66 data files (science and calibra-
tion data). The correction was successful as shown in figure A.2.
Weak noise patterns, which were not selected by our routines,
can still make the resulting data files noisier, however, the differ-
ence to other noise sources (e.g. photon noise, readout noise) is
almost not measurable.
After correcting the unusual detector noise features we were
confronted with a more typical problem, the OH emission of the
atmosphere. Although we had exceptional weather conditions –
photometric night – our 150 seconds exposures were too long
for the fast changing atmospheric OH line emission. We used
the SINFONI pipeline version 2.3.2 for data reduction, except
for the OH correction. The usual OH correction performed by
the pipeline resulted in strong OH residuals. By activating the
higher density OH correction that was implemented following
Davies (2007), the correction was better in some parts and worse
in others, e.g. ’P-Cygni’ profiles in the OH lines were intro-
duced. Comparing the raw target files with their pre/subsequent
raw sky files we registered a change in the strength of the OH
lines from target to sky by up to 10%. In addition, a random shift
of about 0.04 pixel in the spectral direction of the detector was
noticed. We found this by fitting Gaussian profiles to several OH
lines. We selected OH lines that had more than 100 peak counts
above the continuum and that were isolated enough to assume a
reliable profile fit. Furthermore, we selected OH lines from every
vibrational transition. All selected lines in one detector column
were fitted simultaneously to improve the continuum fit.
We found that all fitted lines in a sky file differed by about the
same factor and pixel difference with respect to the correspond-
ing target file, in every detector column. Hence, we took the me-
dian of all OH lines (41 in H- and 16 in K-band) and all 32 slits
(about 60 of 64 pixels per slit were used) to determine the scaling
2 The first and last four pixels in every row and column are control
pixels. We used only the last three in every column because in some
exposures the first of the last four control pixel in a column seems to be
slightly exposed, best seen in the fiber exposure data. In addition, we
did not use the first four pixels in every column because the noise offset
here was usually different and we could not combine the first and last
pixels in every column, also the very first and fourth pixel sometimes
suffered from other effects (e.g. slight exposure). The first and last pixels
in every row are not interesting since this is a column wise problem.
(a) Pattern One Uncorrected (b) Pattern One Corrected
(c) Pattern Two Uncorrected (d) Pattern Two Corrected
Fig. A.2 – The figure shows parts of the detector where the pattern
was detected (a) & (c) and then corrected (b) & (d). Note that
the dark horizontal lines are part of an already known detector
problem. The bright extended horizontal lines are OH sky lines.
The three darkish extended vertical lines in (a) & (b) are the slit
borders of the 32 slitlets on the detector.
factor and the shift of the OH lines. The fit did not work well at
the edges of the slits due to contamination from the neighboring
slit hence we neglected the slit edges. As not to scale the contin-
uum with the OH lines we fitted the continuum in every detector
column (spectral direction) and subtracted it before the OH line
scaling. In H-band this was done by using a linear function. For
the K-band continuum we fitted a black body function, because
the grey-body emission of the background becomes prominent
at the red end of the K-band. We took the median of the fitted
parameters over one slit to determine a robust continuum for the
whole slit. After the subtraction of the continuum we scaled the
remaining atmospheric emission features added back the contin-
uum and then shifted the full column by the determined subpixel
shift. The scaling was done based only on the emission lines be-
cause the continuum does not vary whereas the spectral shift has
to be done on the full spectrum since the reason for the shift is a
shear in the grating rather than some atmospheric effect.
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